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Summary 

A methodology is developed to  perform 
minimum-weight structural design of composite or 
metallic main rotor blades subject to aerodynamic 
performance, material strength, autorotation, and 
frequency constraints. The constraints and load 
cases are developed such that the final preliminary 
rotor design will satisfy U.S. Army military specifi- 
cations. In addition, the methodology uses design 
variables which can take advantage of the versatility 
of composite materials. A mininium-weight design is 
first developed subject to satisfying the aerodynamic 
performance, strength, and autorotation constraints 
for all static load cases. The minimum-weight design 
is then dynaniically tuned to avoid resonant frequen- 
cies occurring at the design rotor speed. 

With this design methodology, three rotor blade 
designs were developed based on the geometry of 
the UH-GOA Black Hawk titanium-spar rotor blade. 
The first design is of a single titanium-spar cross 
section which is compared with the UH-BOA Black 
Hawk rotor blade. The second and third designs 
use single and multiple graphite/epoxy-spar cross 
sections, respectively. These are compared with the 
titanium-spar design to demonstrate weight savings 
from iise of this design methodology in conjunction 
with advanced composite materials. 

Introduction 

Composite rotor blades have demonstrated 
improvements over metal blades in fatigue strength, 
dninngc tolcrance, corrosion resistance, and life-cycle 
costs, as demonstrated in references 1 to  5. However, 
these improvements were gained with little regard 
to the tailorability aspects of composite materials. 
Tailoring is the process of adapting the mass and 
stiffness characteristics of a composite structure in 
an effort to  improve one or more structural responses. 
Design methodologies which do not take advantage of 
composite tailoring may overlook potential advances 
in blade technology. Additional improvements can 
be achieved in areas such as weight, frequency place- 
ment, and ballistic tolerance provided the blade is 
designed through use of a methodology capable of 
exploiting the versatility of composite materials. 

4 design methodology defines a procedure for 
obtaining design goals and satisfying design require- 
ments. The procedure is generally based on the 
minimization of an objective function subject to con- 
straint conditions. An objective function is a mathe- 
matical expression of the design goal which is based 
on one or more design variables. The design variables 
are changed in a way to  achieve the desired design 
goal. 

Constraints are applied so that certain minimum 
requirements for the blade design are satisfied. Typ- 
ical constraint conditions utilized in rotor blade 
design involve aerodynamic performance, material 
strength, autorotation, and natural frequencies. The 
aerodynamic performance characteristics of the blade 
are of primary importance, which usually leads to  
definition of a fixed external geometry. Constraints 
should be formulated to  assure preservation of the 
basic aerodynamic geometry to  preclude degradation 
of aerodynamic performance. Structural considera- 
tions require adequate blade strength for a defined 
set of load cases. Any design of rotor blades must 
also take into account the autorotation capability re- 
quired for the helicopter. Autorotation capability is 
primarily a function of the vehicle gross weight, the 
rotor speed, and the mass moment of inertia of the 
blades in the rotational plane. The natural frequen- 
cies of the blades niust be well removed from integer 
niultiples of the forcing frequency at the design ro- 
tor speed. Besides the obvious benefit of avoiding 
destructive resonance, the proper placement of fre- 
quencies also tends to increase the blade fatigue life 
and to  improve its vibratory characteristics. 

Past works (refs. 6 to 9) on preliminary rotor 
blade design have focused upon constraint and de- 
sign variable definition. Mininium-weight rotor blade 
designs constrained by flutter in hover and by fre- 
quency placement were investigated in reference 6. 
The weight savings were between 3.5 and 9.6 per- 
cent of the initial blade weight. The study con- 
ducted in reference 6 concluded that greater weight 
savings would be achieved if there were more design 
parameters available. Reference 7 formulated an ob- 
jective function of minimum oscillatory hub shears 
and hub rolling moments at a specified advance ratio. 
A by-product of the optimization was a 9- to  
20-percent reduction in weight over the initial uni- 
form blade. The weight was probably reduced be- 
cause the methodology assumed an increase of mass 
at the blade tip. No constraints related to static 
strength or deformation were used. Therefore, the 
final optimized design could be structurally inade- 
quate. Furthermore, tuning mass was added along 
the outer one-third of the blade, which is not nec- 
essarily the optimum position for reducing vibration 
based on the results of reference 8. 

The study conducted in reference 8 investigated 
the effect of adding a 10-lb mass at  various spanwise 
locations on a UH-GOA rotor blade. Dependent upon 
specific blade properties and flight conditions, the 
results indicated the most effective position of a tun- 
ing mass was at  0.50R. Reference 8 also pointed out 
that vibration depends on fuselage dynamics, so that 
a rotor design which is successful on one aircraft may 



not be successful on another. These results suggest 
minimization of hub forces may not be an effective 
means of vibration reduction in preliminary blade de- 
sign, especially in cases where fuselage characteristics 
are unknown. The design methodology developed 
by reference 9 formulated a two-step optimization 
procedure in which the objective function was first 
based on frequency placement with structural con- 
straints. After an optimization was conducted, the 
objective function was changed to  minimum weight 
with frequency windows used as constraints. Con- 
straints on autorotation and geometry were included 
in both steps. In one example of reference 9, the 
weight of a “representative” rotor blade was reduced 
by two-thirds. However, the strength constraint used 
by reference 9 was based solely on centrifugal loads, 
and there was no consideration given to blade de- 
formations. Although the airfoil geometry was fixed 
in the example, large displacements under realistic 
flight loads could have severe implications on aero- 
dynamic performance. 

References 6 to 9 do not offer a consensus concern- 
ing the appropriate objective function or constraints 
for rotor blade design. In this paper a methodology 
is described which uses a minimum-weight objective 
function with a set of constraint conditions devel- 
oped to obtain acceptable aerodynamic performance, 
strength, autorotation, and natural frequencies. The 
method developed herein is unique with respect to its 
incorporation of U S .  Army military specifications as 
defined in reference 10 and its use of torsional de- 
formation to  define aerodynamic performance con- 
straints. The methodology is also unique in its use 
of design variables which can exploit the tailorability 
of composite materials. 

Three rotor blade designs are developed with this 
design methodology. The first design is represen- 
tative of a UH-GOA Black Hawk rotor blade which 
has a single titanium spar. This first optimized de- 
sign is compared with the existing UH-GOA design 
to validate the adequacy of the design procedure. 
The second and third designs use single and multi- 
ple graphite/epoxy-spar cross sections, respectively. 
These designs are compared with the titanium-spar 
design to  demonstrate the weight savings possible 
from use of composites with minimum-weight design 
practice as developed in this methodology. 

Symbols 
AI autorotation index 

b number of rotor blades 

CF centrifugal force, lb 

C.G. center of gravity 

2 

chord length in. 

extensional modulus 

frequency design variable tuned 

shear modulus 

horsepower 

rotational mass moment of inertia, 
lb-in-s2 

mass moment of inertia about elastic 
axis, lb-in-s2 

flapwise air load, lb 

segment length, in. 

mass, slug 

vertical load factor 

number of segments in model 

lift load, lb/in. 

inertial load, lb/in. 

radius, in. 

stress interaction ratio 

radial position, in. 

structural design gross weight 

static design variable tuned 

torque due to  propeller moment 

laminate strengths in principal mate- 
rial directions, psi 

blade pitch angle, rad 

Poisson’s ratio 

stress, psi 

angular velocity, rad/s 

angular acceleration, rad/s2 

Subscripts : 

a axial 

f flapwise 

HOGE 

i 
hover out of ground effect 

elemental value (refers to segmental 
value) 

1 , 2 ,  12 principal material directions 

Design Methodology 

The methodology is divided into seven sections: 
Aerodynamic Blade Design, Blade Structural Models, 



Design Constraints, Design Variables, Load Cases, 
Minimum- Weight Static Design Procedure, and Dy- 
namic Tuning Procedure. These sections are covered 
in detail following the Overview section. 

Overview 

This section briefly outlines the steps of the de- 
sign methodology summarized in the flowchart of fig- 
ure 1. As a starting point, the methodology requires 
an aerodynamic blade design which defines a basic 
geometry. A blade structural model is then defined 
to fit within the aerodynamically defined geometry. 
Next, design variables are selected with considera- 
tion given to  both the aerodynamic design and the 
blade structural model. Numerical values for the 
constraints and the loads are then defined based on 
helicopter parameters such as gross weight, number 
of blades, and rotor speeds. Next, a minimum-weight 
static design procedure is performed, in which the 
optimum design variable values are determined. The 
restilting minimum-weight design is the initial guess 
for the dynamic tuning procedure. Here, the blade is 
timed with the minimum addition of mass required. 

Aerodynamic Blade Design 

An aerodynamic design must be developed prior 
to using the structural design methodology. Param- 
eters such as blade radius, chord length, airfoil con- 
tour, twist, and taper are typically defined by an 
aerodynamic design to  form the external geometry 
of the blade. The external geometry can be thought 
of as a “glove” within which the structural design 
must fit. 

Blade Structural Models 

The design methodology requires two types of 
blade models, a cross-section model and a finite- 
element model. A finite-element beam model is used 
as a basis for structural analysis of the blade. The 
beam model consists of a series of beam segments 
connected at spanwise grid points. Each segment 
contains equivalent beam properties such as bending 
stiffnesses, extensional stiffness, torsional stiffness, 
and mass. These properties are constant along a sin- 
gle beam segment, but may vary between segments, 
thus forming a step function of beam property distri- 
butions along the blade span. Displacements (trans- 
lational and rotational) and beam forces (shears 
and moments) resulting from any applied loads are 
computed at the grid points. 

Cross-section models are used to  generate the 
equivalent beam properties for each segment of the 

beam model. The cross-section model is a repre- 
sentation of the internal structure, which is com- 
prised of several structural and nonstructural com- 
ponents. These components generally consist of one 
or more spars: a leading-edge weight, a core, and 
a skin. The cross-section design is based upon ex- 
perience, manufacturability, geometrical constraints, 
and nonaerodynamic considerations such as ballistic 
tolerance. Cross-section models are also used t o  cal- 
culate stresses on the structural components based 
upon beam forces calculated from the finite-element 
analysis. In this manner, each component of a cross 
section can be modified individually. 

Design Constraints 

The constraints used in this design Iriethodology 
can be categorized as aerodynamic performance, ma- 
terial strength, autorotation, and frequency. The  
aerodynamic performance characteristics required 
for the blade are initially satisfied by an  aerodynamic 
design. To guarantee that these characteristics are 
maintained during the static structural design, a con- 
straint must be imposed which limits blade deforma- 
tions. Flapwise and in-plane bending deformations 
are readily satisfied because of the inherently high 
bending stiffness of composite blades. However, this 
is not the case with twist deformation. Therefore 
a constraint is applied t o  limit rotor twist deforma- 
tion to  ensure that aerodynamic performance is not 
degraded. The major contribution to  twist deforma- 
tion comes from centrifugal flattening, or “propeller 
moment,” which tends to  decrease any built-in blade 
twist. A loss of built-in twist increases the horse- 
power required for forward flight, thereby degrading 
aerodynamic performance. The allowable magnitude 
of twist deformation depends on the helicopter sys- 
tem, but typically ranges from 0 . 5 O  t o  5.0° measured 
root to  tip. 

The material strength constraint imposed in the 
design process is based upon the material strength 
design allowables. All stresses in the blade structure 
must be less than the design allowable stress of the 
material for all load cases. To account for stress 
interactions, a Tsai-Hill failure criterion (ref. 11) 
is calculated based on the material limit allowable 
stresses. The governing equation is given by 

The quantity 1 - is a material strength margin of 
safety which must be greater than zero for a feasible 
design. 

3 



The autorotation constraint pertains to maintain- 
ing the inass iilomeiit of inertia of the rotor in  the 
rotatioiiwl plane at an acceptable level. Autorotation 
capaliility is actually a function of design gross weight 
arid rotor aerodynamics as well as the rotor system 
mass nioinent of inertia. However, the aerodynariiics 
have hceii previously defined as required for starting 
this methodology, and design gross weight is typi- 
cally the first parameter defined for any helicopter 
system. Thus. the only variable left to achieve a sat- 
isfactory autorotation capability is mass rnornent of 
inertia. The equation used to calculate the required 
rotor inertia I is given by reference 12 as 

where AI is an autorotation index of no less than 1.7 
for single rotor aircraft. 

The dynaiiiic constraint requires natural frequen- 
cies of the Iilade to avoid integer miiltiples of the 
forcing frequency hy a t  least a margin of f 0 . 2  times 
each iimltiple. This is done to avoid resonance con- 
dit ions which could damage or destroy the rotor sys- 
teiii. There is difficulty in defining the direction of 
cliaiigc required to satisfy the frequency constraints 
1)ccaiisc these coiistrairits can be satisfied with ei- 
tlicr an increase or a decrease of the frequency in 
qiicst ioii. Furtherinore, the frequencies do not all 
niove i i i  the same direction for a given change of 
niass or stiffness. If the frequency constraints are 
applied to a. poor design, they might prevent a good 
tlesigii from occurring because the design variables 
will I)c restricted so that the constraint is satisfied. 
Better designs might exist with a set of design vari- 
ables which would move through three or four sets of 
freqiiericy constraints. Because of these reasons, the 
frequency Constraints are imposed after a mininium- 
weight static design has been developed. Thus, the 
frequency constraints (one for each mode considered) 
are not specified until  the design variables are sta- 
hilized wi th  respect t o  aerodynamic performance, 
niaterial strength, and autorotation considerations. 
From this point, only slight modifications in the stiff- 
nesses and the weight distributions may be required 
to satisfy the frequency constraints. If not, the de- 
sign variables can be changed such that the new set of 
variables will have maximum influence on frequency 
shifts with minimum influence on the previous opti- 
nium design. 

Design Variables 

Design variables are used in the iterative design 
process to make changes in both structural and non- 
striictiiral parts of the rotor blade. The number of 
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design variables necessary to  define a component of 
the blade depends on assiiriiptions made for the basic 
cross-section design. For example, the designer may 
assume a blade will have a circular spar of a spe- 
cific diameter based on the maximum thickness of 
the airfoil. This assumption eliminates spar location 
and geometry as design variables. Thus, increasing 
the number of assumptions in the basic design re- 
duces the number of design variables required. Upper 
and lower bounds for the magnitudes of each design 
variable are defined through physical limitations and 
through initial geometries set by aerodynamic design. 
Engineering judgment must be used to decide which 
variables are pertinent to the objective function and 
what range of values is to  be considered for each. 

Load Cases 

The required static load cases are outlined in 
reference 10 and are discussed in detail in refer- 
ence 12. They are described below in terms of flap- 
wise, in-plane, torsional, centrifugal, and nonflight 
loads. The method of calculating the load magni- 
tudes and distributions for each case are covered in 
this section. 

Flapwise loads. Flapwise load magnitudes are 
defined as a function of load factors N ,  and struc- 
tural design gross weight (SDGW) of the total heli- 
copter system . The critical flapwise load factors used 
under current structural design requirements range 
from -0.5 to 3.5 for most military helicopters. The 
total flapwise load is equal to N ,  times the structural 
design gross weight of the system. Thus, the magni- 
tude of the flapwise airload L j  carried by one blade 
in a rotor system of 6 blades is given by reference 10 
as 

L j  = (N,)(SDGW)/b ( 3 )  

Distribution of the load, which is a function of az- 
imuth position, is representative of actual air loads 
the blade produces in forward flight. The actual air 
load is scaled proportionally at each spanwise posi- 
tion until the total load equals the required load L f .  
The actual blade air loads are obtained from flight 
data, from wind tunnel data, or through a computer- 
simulated aerodynamic performance analysis such as 
C81 (ref. 13). 

In-plane loads. The in-plane loads are based on 
two cases of shaft torque transmission from the power 
plant. One case emanates from a power increase with 
subsequent rotor acceleration. Here, a shaft torque 
is transmitted through the hub, creating an in-plane 
moment a t  the blade root. The limit root in-plane 



moment M E  is given by reference 10 as 

1 . 5 M ~  
hLfE = L__ 

b -  1 (4) 

where MT is the torque developed at the military 
power rating of the power plant. The second case 
requires that twice the maximum braking torque be 
equally transmitted to all blades. The root moment 
for both cases is balanced by an inertial force distri- 
bution developed along the blade span such that 

n 
M E  = mjr:fi (5) 

1 i= I 

where i refers to the i th blade segment of the beam 
model. After solving for fi, the in-plane inertial loads 
yi(r)  for the i th segment can be written as 

Li 

Torsional loads. There are two basic contribu- 
tions t o  the static torsional loads of a rotor blade. 
The first is because of the aerodynamic pitching mo- 
ment of an airfoil section, and the second is because 
of the propeller moment caused by centrifugal forces. 
Aerodynamic pitching moment is a function of chord, 
air density, and Mach number. Since the Mach num- 
ber is itself a function of several flight variables, it 
is helpful to choose a standard load case. The flight 
condition used to  define the pitching moments in this 
methodology is design velocity a t  4095 ft on a 95'F 
day. The second torsional load contribution is from 
the propeller moment caused by centrifugal forces. 
Mass of the blade cross section is distributed both 
forward and aft of the elastic axis, creating separate 
centrifugal force vectors which can be resolved into 
axial and chordwise components as described in refer- 
ence 14. If the masses are moved out of the rotational 
plane, as occurs with pitch and twist, the chord- 
wise components produce a moment couple which at- 
tempts to flatten the mass back into the rotational 
plane. This flattening effect has given rise to use of 
the term "centrifugal flattening." Since rotor blades 
generally have a built-in twist, there will always be a 
part of the blade in which the propeller moment can 
be significant. The  torsional loads produced here are 
proportional to centrifugal force, root angle of attack, 
and rotor twist (ref. 14) such that 

(7) 

The maximum propeller moment occurs at maxi- 
mum rotational velocity with maximum root angle 

of attack for forward level flight. The propeller 
moment and pitching-moment contributions are 
combined into one torsional load case. 

Centrifugal loads. Rotation of the blades creates 
centrifugal forces which act in the axial direction un- 
less the blade is coned or deformed as a result of other 
loads. When flapwise loads are applied to  a rotating 
rotor system, the blades both cone and deform in the 
direction of the load. This creates axial (CFi), and 
flapwise (CFi)f components of centrifugal force on 
the ith blade segment, and these components oppose 
the applied loads as shown in figure 2. In the in-plane 
load case shown in figure 3, an in-plane distributed 
inertial load y ( r )  creates a lag condition. Lead-lag 
rigid body displacements resulting from the inertial 
load do not create opposing centrifugal force compo- 
nents because the centrifugal force vector acts along 
the C.G. axis of the blade. Only deformation can 
create opposing centrifugal force components for the 
in-plane case. The deformed blade would have a non- 
linear C.G. axis which alters the path of the centrifu- 
gal force vector with respect to the local blade seg- 
ment. However, in-plane deformations are generally 
negligible because of the high in-plane stiffness which 
is characteristic of rotor blades. 

The maximum centrifugal loads correspond to  the 
maximum rotor rotational velocity. However, the 
centrifugal loads are combined with the flapwise, in- 
plane, and torsional load cases as opposed to  being 
applied as a separate load case. The magnitude and 
distribution of the centrifugal load in each case are 
governed by the equation (ref. 14) 

where i refers to  an individual blade segment of the 
beam model. 

NonJright loads. The last load case covers aspects 
of nonflight loads. Reference 10 requires that an 
articulated rotor blade be designed for a static load 
equal to its weight multiplied by a limit load factor 
of 4.67. Reference 12 determines that this load 
case covers other adverse conditions such as ground 
handling, stop-banging, turning the rotor at low 
speed in a strong wind, and the condition in which a 

of an operating helicopter. For this case, the blade 
is assumed to be cantilevered at  the blade stops and 
under no rotational effects. 

helicopter with an untethered rotor is in the vicinity 1 

I 



Minimum-Weight Static Design Procedure 

Aerodynamic design, basic blade models, load 
case>, design variables, and constraint conditions are 
defined prior to initiating the minimum-weight static 
design procedure. With the information formulated 
thus far, it is possible t o  formulate a fully auto- 
mated optimization analysis. However, the proce- 
dure developed to minimize the objective function is 
a “hand-worked” solution. This procedure works well 
for cases in which the number of design variables are 
few. At the preliminary design level, problems with 
only two or three design variables can generally be 
devised through the appropriate assumptions. The 
values of the design variables which produce a min- 
imum of the objective function while satisfying the 
constraints can be graphically determined. 

The minimum-weight static design procedure is 
an iterative procedure which consists of a series of 
steps as illustrated in the flowchart of figure 4. The 
initial magnitudes of the design variables are se- 
lected. The blade properties a t  each spanwise sec- 
tion are then computed. An analysis of the blade is 
performed for each of the previously described load 
cases, and the resulting deformations and stresses are 
calculated. Constraint conditions are then evaluated 
based on those results. Stress and deformation trends 
are established for each design variable by repeat- 
ing the analysis for several magnitudes of one design 
variable. This defines a design space within which 
the constraint conditions are satisfied. On each it- 
eration the magnitudes of the design variables are 
modified to satisfy all constraint conditions simul- 
taneously. Once the design space is established the 
minimum-weight design can be determined through 
the relations between design variables and the result- 
ing blade weight. 

Dynamic Tuning Procedure 

Although the design space developed for the static 
case contains a minimum-weight design, the final 
minimum-weight design cannot be determined with- 
out an assessment of natural frequencies. Frequency 
constraints can now be added because the proxim- 
ity of the structural design variables are established. 
The natural frequencies of the modes of the static 
design are calculated, and the target frequencies are 
selected based on these results. The modifications 
necessary for dynamic tuning may require use of ad- 
ditional design variables other than those used in the 
static design. In the frequency tuning process, if the 
static minimum-weight. design is altered, then the fi- 
nal design must be checked to ensure its validity with 
respect to strength. If the additional design variables 
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are such that changes to  them could affect the pre- 
viously established static design, then the final opti- 
mized design must be structurally validated with the 
static analysis. The final design has the minimum 
total blade weight while simultaneously satisfying all 
constraint conditions. 

Applications 

This section describes three example rotor blade 
designs which were developed with the previously 
described design methodology. All three designs 
are based on the UH-GOA Black Hawk titanium- 
spar blade. The first design case is for a single 
titanium-spar cross section. This design was con- 
ducted to validate the present design methodol- 
ogy. The second and third cases have T300/5208l 
graphite/epoxy spars in single-spar and multispar 
cross sections, respectively. The composite de- 
signs are compared with the metallic-spar design to  
demonstrate potential weight savings obtained from 
use of the design methodology in conjunction with 
composite materials. 

Single Titanium-Spar Cross Section 

A titanium-spar blade design was developed with 
the design methodology described in this paper. The 
cross-section model is based on the actual UH-GOA 
rotor blade with identical skin, core, trailing-edge 
tab, leading-edge weight, and spar coordinates. Only 
the spar thickness is used as a design variable. The 
beam model representation of the blade uses a rect- 
angular planform similar to the UH-GOA planform, 
but without any tip sweep. 

The aerodynamic performance constraint is based 
on the maximum allowable twist deformation devel- 
oped from aerodynamic design data. The aerody- 
namic data are obtained for a typical rectangular 
planform blade from a computer-simulated aerody- 
namic performance analysis (Program (281, ref. 13). 
The horsepower required for steady level flight is re- 
lated t o  blade twist deformation in figure 5. With 
the assumption of a maximum allowable increase in 
horsepower required of 2.0 percent, total twist de- 
formation must remain under 3.1’. A maximum 
twist deformation of 3.1’ is used as the aerodynamic 
performance constraint in the design methodology. 
The structural constraint requires that the calcu- 
lated stresses do not exceed the allowable material 
strength. Material properties for titanium are listed 

T300 graphite fibers are manufactured by Union Carbide 
Corp.; 5208 epoxy resin is nianufactured by Narmco Materi- 
als, Inc. 



in table I. The  material strength is assessed by use of 
a Tsai-Hill failure criterion and an associated mar- 
gin of safety as described previously. The margin of 
safety must be greater than zero to  satisfy the mate- 
rial strength constraint. The autorotation capability 
is assumed to  be the same for this design as it is for 
the UH-GOA. Autorotation is satisfied by requiring 
the mass moment of inertia to  be identical to that 
of the UH-GOA rotor system, which is 19000 in-lb-s2 
per blade. 

Single Composite-Spar Cross Section 

A second design was developed with a single 
graphite/epoxy D-spar. Material properties of the 
T300/5208 composite are presented in table I. The 
blade models and associated design assumptions used 
in the composite design are the same as those used 
for the metallic spar except for the spar material. 
Thickness and ply orientation of the composite spar 
are used as design variables. The plies of the spar 
are assumed to consist of only Oo and f45'  angles 
symmetrically built up. Thus, the ply orientation 
design variable is the percentage of f45'  plies in the 
laminate. The remaining plies of the laminate are 
understood to  be oriented at 0'. Assumptions for 
twist deformation limit, material strength, and mass 
moment of inertia are the same as those used for the 
metallic-spar design. 

Multiple Composite-Spar Cross Section 

A third design was developed which used four 
graphite/epoxy circular tube spars. The beam model 
used in this design process is the same as those 
described previously. However, the cross section is 
different and is illustrated in figure 6 .  Thickness and 
ply orientation of the composite spars are again used 
as design variables, with the added assumption that 
all four spars are identical except for their diameters. 
The plies of the spar are again assumed to  consist 
of only 0' and f45'  angles symmetrically built up. 
The diameter of the spars varies such that each spar 
is inscribed within the airfoil geometry. From a 
stability point of view, a mass center forward of 0 . 2 5 ~  
is generally favorable. Thus, leading-edge weights are 
added to  maintain a C.G. location of 0 .24~.  

Results and Discussion 

Single Titanium-Spar Cross Section 

The single titanium-spar cross section and beam 
models described previously were used in the design 
analysis to determine the minimum-weight design. 

Figure 7 is a graph of the change in material strength 
margin of safety (l-R) as a function of spar thick- 
ness. From this graph the spar thickness must be at  
least 0.102 in. thick to satisfy the material strength 
constraint. The autorotation capability constraint is 
satisfied within the analysis through choice of the tip 
mass to  produce the required mass moment of iner- 
tia. The tip mass required to  maintain autorotation 
capability changes as a function of spar thickness. 
The twist deformation for various spar thicknesses is 
illustrated in figure 8. Herein, all the spar thicknesses 
which satisfy the strength constraint also satisfy the 
twist deformation constraint. The minimum-weight 
design corresponds to the minimum spar thickness, 
which is 0.102 in. The minimum spar thickness of 
this design produces a total blade weight of 189 lb as 
determined from figure 9. 

Before a comparison with the UH-GOA blade can 
be made, the design must be dynamically tuned. The 
forcing frequencies corresponding to the design rotor 
speed of the UH-GOA are listed in table 11. This ta- 
ble also shows the frequency regions which the modes 
considered must avoid to  satisfy the 0.2 rev-' con- 
straint. The modes considered in this design are first 
flapwise and in-plane bending, first torsion, and sec- 
ond and third flapwise bending. Figure 10 shows the 
natural frequency changes with respect to spar thick- 
ness for these modes. The minimum spar thickness 
needed to satisfy the dynamic constraints is 0.130 in., 
which corresponds to  a blade weight of 207 lb. The 
actual UH-GOA titanium spar is 0.135 in. thick, pro- 
ducing a 210-lb blade. The titanium-spar design is 
only 3 lb different from the actual UH-GOA blade, a 
result demonstrating that the mechanics of the de- 
sign methodology can produce blade designs similar 
to  conventional design processes. The only signifi- 
cant difference in modal frequencies between the ac- 
tual UH-GOA blade and the titanium-spar design is 
the frequency of the torsional mode. This difference 
is attributed to  the chordwise distribution of the tip 
weight, which is lumped at  the chordwise C.G. in the 
titanium-spar design. 

Single Composite-Spar Cross Section 

The design procedure was performed for the 
single composite-spar model with the assumptions 
described previously. The graph in figure 11 shows 
material strength margin of safety as a function of 
spar thickness for different percentages of 545' plies. 
There is a different spar thickness required to  sat- 
isfy the strength constraint for each ply iayup. The 
twist deformation for the load cases considered is also 
plotted as a function of spar thickness and percent- 
age of &45' plies in figure 12. There is a different 
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minimum spar thickness required to satisfy the max- 
iniiim twist deforiiiation of 3.1" for each ply layup. 
The coinbinations of the design variables required 
to  satisfy Goth the aerodynaniic performance and 
strength constraints are plotted i n  figure 13. Fig- 
ure 13 illustrates tlie boundaries of the design vari- 
ahles for both constraint conditions simultaneously, 
thus defining a feasible design region. The intersec- 
tion of the houndaries Corresponds to the niinimum- 
weight static design (i.e., niinimiini spar thickness), 
which is approxiniately 0.105 in. thick with 20 per- 
cent f 4 5 "  plies. The single coniposite-spar blade 
weighs 158.8 Ib prior t o  being dynamically tuned. 

The single coniposite-spar design is dynamically 
tuned with two different methods. In the first 
nictliod, the same design variables used in the static 
design are used to tune the blade. The feasible de- 
sign space shown in figure 13 is subsequently mod- 
ified by the frequency constraints of the pertinent 
niodes, creating the new design space shown in fig- 
ure 14. Here, all the constraints- aerodynamic per- 
formance, strength, autorotation, and frequency- 
are satisfied simultaneously. The minirnuni-weight 
design found in tlie new design region has a 0.170- 
in.-thick spar with 35 percent f45 '  plies and weighs 
169.5 111, 10.7 lb more than the untuned version. 

The second method used to tune the single 
composite-spar design is with a new set of frequency 
design variables. Konstructural "tuning" weight and 
in-plane stiffness of the untuned blade are used as 
the frequency design variables. These design vari- 
ables are chosen because they both have a significant 
impact on natural frequencies but may not signif- 
icantly alter the structural design. A finite-element 
beam model was developed to  calculate the blade fre- 
quency sensitivity to selected nonstructural tuning 
masses and in-plane stiffness. Tuning inasses are lo- 
cated at five radial beam stations, while in-plane stiff- 
ness is assumed to change uniformly over the span. 
The dynamically tuned blade requires a total weight 
increase of only 3.8 lb, bringing the total weight t o  
162.6 lb. 

The weight distributions of the three versions of 
the single cornposite-spar design-untuned, static de- 
sign variable tuned (SDVT), and frequency design 
variable tuned (FDVT)--are shown in figure 15. It is 
easy to see where the weights have been increased or 
decreased in a luniping fashion for the FDVT design. 
This is opposite from the SDVT version, which has 
a constant weight increase from the untuned blade. 
The constant weight increase is created by the earlier 
design assumption of constant spar thickness over the 
blade span. The in-plane stiffnesses of the three ver- 
sions of the single composite-spar design are shown in 
figiire 16. Both the SDVT and FDVT designs use a 

stiffness increase to achieve desired frequencies. The 
FDVT stiffness is constant over the design range be- 
cause stiffness change is assumed to occur uniformly. 

The bar graph of figure 17 depicts the frequencies 
of the five niodes considered for each design along 
with the resonant frequency avoidance ranges. The 
main difficulty in  tuning the single coniposite-spar 
design is encountered with the first elastic flapwise 
mode. This frequency is the most difficult t o  change 
because (1) the lower frequency modes require the 
greatest mass or stiffness change for a desired fre- 
quency shift, and (2) the geometry of the airfoil 
makes it difficult t o  modify flapwise stiffness without 
significantly changing the structural design variables. 

Multiple Composite-Spar Cross Section 

The design procedure was performed for the mul- 
tiple coniposite-spar models described previously. 
Figure 18 shows material strength margin of safety 
as a function of spar thickness for different percent- 
ages of f45' plies. As is the case for the single-spar 
designs, there is a different spar thickness required 
to  satisfy the strength constraint for each ply layup. 
The twist deformation for the load cases considered 
is also plotted as a function of spar thickness and 
percentage of 3145" plies in figure 19. Here, there is 
a unique spar thickness required to satisfy the maxi- 
mum twist deformation of 3.1" for each ply layup. 
The combinations of the design variables required 
to  satisfy both the aerodynamic performance and 
strength constraints are plotted in figure 20. This 
graph illustrates the boundaries of the design vari- 
ables for both constraint conditions simultaneously, 
thus defining a feasible design space as indicated. 
The intersection of the boundaries corresponds to  the 
minimum-weight static design (i.e. , minimum spar 
thickness), which is approximately 0,190 in. thick 
with 21 percent f45". The multiple composite-spar 
blade weighs 164.6 lb prior t o  the dynamic tuning 
procedure. 

The multiple composite-spar design is dynami- 
cally tuned with the FDVT tuning method. The 
dynamically tuned blade requires a total weight in- 
crease of 17.4 lb, bringing the total weight to 182.0 lb. 

The final weight distributions, flapwise stiffnesses, 
and in-plane stiffnesses for the tuned and untuned 
versions of the multiple composite-spar design are 
shown in figures 21, 22, and 23. The weight additions 
for the tuned blade are again lumped, but not in 
the same manner as was the case for the single 
composite-spar design. The flapwise and in-plane 
stiffnesses are both decreased in the dynamic tuning 
procedure. The modal frequencies of the two versions 
of the multiple composite-spar design are plotted in 
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figure 24. As is the case with the single-spar design, 
the first elastic flapwise mode frequency shift requires 
the greatest blade modifications. In the multispar 
case, the decrease of the first elastic flapwise mode 
frequency brought the first elastic edgewise niodal 
frequency down into an avoidance range. Moving this 
frequency out of the avoidance range requires a large 
decrease in in-plane stiffness. Nonstructural masses 
are used to decrease the first flapwise frequency 
while at the same time increasing the second flapwise 
frequency out of a frequency avoidance range. 

1 Design Comparisons 

Table I11 sunirnarizes the final results of the 
three blade designs. The single titanium-spar de- 
sign is within 2 percent of the weight of the actual 
UH-GOA blade. These results suggest that  the de- 
sign methodology proposed herein will produce re- 
wltq conqistent with conventional design practices. 
Tmo single composite-spar designs resulted in blade 
weight savings of 17.9 and 21.3 percent compared 
with the single rnetallic-spar design. The design 
which demonstrates 21.3-percent weight savings is 
produced with the FDVT procedure with nonstruc- 
tural mass and in-plane stiffness design variables. 
This process seems to have the greatest potential for 
producing minimum-weight blade designs. The rea- 
son this method is better is because it can take ad- 
vantage of additional design variables over those used 
in the structural design. The multiple composite- 
spar design is 12.1 percent lighter than the single 
metallic-spar design; however, it is 11.7 percent heav- 
ier than the comparably designed single composite- 
spar design. Although ballistic tolerance was not 
accounted for as a constraint, the multispar de- 
signs are inherently more ballistically tolerant than 
single-spar designs. Thus, if ballistic tolerance is 
considered in the design, the multispar design will 
probably have the mininium weight of all designs 
considered. 

Concluding Remarks 

A methodology was developed to design main 
rotor blades for mininium weight subject t o  aerody- 
namic performance, material strength, autorotation, 
and frequency constraints. Three designs based on 
the aerodynamics of the UH-GOA rotor blade were 
developed to demonstrate the design methodology. 
The first design represented a single titanium-spar 
UH-GOA type of cross section to  validate the method- 
ology. The results demonstrated that the mechanics 

of the design methodology can produce blade de- 
signs similar t o  those produced with conventional 
design procedures. The second design used a sin- 
gle graphite/epoxy spar with design variables of spar 
thickness and ply orientation. A significant weight 
savings of 21.3 percent was achieved over the metal- 
lic design. Lastly, a design with four graphite/epoxy 
spars was developed. Assumptions were made to re- 
duce the design variables to the same ones used in the 
single composite-spar design. The resulting multi- 
spar blade was 12.1 percent lighter than the metallic 
design but was 11.7 percent heavier than the single 
composite-spar design. These results suggest that ,  
for the constraint conditions considered, multispar 
designs may in general produce heavier rotor blades 
than single-spar designs. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
May 27, 1987 
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Table I. Properties for Materials Used in Example Designs 

Property 

E ~ ~ ,  psi x . . . . .  
Titanium T300/5208 Gr/Ep 

16.0 21.3 

E22, psi x . . . . .  16.0 1.6 

G12, psi x . . . . .  6.2 0.9 
- 

~ 

v12 . . . . . . . . . . .  
X ,  ksi . . . . . . . . . .  

-si . . . . . . . . . .  

0.31 0.28 

120 211 

120 

S ,  ksi . . . . . . . . . .  

6.1 

76 13.8 

1 

2 
- 

Table 11. Integer Multiples of Forcing Frequency and 
Associated Avoidance Ranges 

4.38 3.50-5.26 

8.78 7.90-9.66 

I Integer multiple, rev-1 1 

3 

4 

- 

Frequency, Hz 

13.15 12.27-14.03 

17.53 16.65- 18.40 

~~ 

Avoidance range, Hz 

5 

6 

21.92 2 1.04-22.79 

26.30 25.42-27.18 

8 35.06 34.18-35.93 

7 30.68 
~ ~ ~~ 

29.80-3 1.56 

I 9 I 39.45 I 38.57-40.32 I 
I 10 I 43.83 I 42.95-44.71 I 
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Table 111. Final Design Features of Example Blades 

1 12 

Parameter 

Single Single Single 
Act u a1 spar, spar spar Multispar, 

UH-GOA tuned (SDVT) (FDVT) tuned 

Spar niatcrial . . . . . . . . . . . 
Spar thickness, in. . . . . . . . . 

Ti Ti G d E P  Gr/Ep Gr/Ep 

0.135 0.130 0.170 0.105 0.210 

k4Fi0 plys in  layup, percent . . . . 
Total hlade weight, Ib . . . . . . . 

35 20 21 

210 207 170 163 182 

1st flapwise niode. Hz . . . . . . . 

2nd flapwise mode, Hz . . . . . . . 
12.7 11.5 12.2 12.2 11.8 

24.1 20.6 19.4 18.4 22.8 

3rd flapwise mode, Hz . . . . . . . 

1st in-plane mode, Hz . . . . . . . 
1st torsion mode, Hz . . . . . . . 

Material strength margin I-R . . . 

34.6 31.8 36.0 37.1 33.8 

20.6 17.6 23.0 23.4 20.7 

17.5 28.1 21.4 16.8 15.9 

0.103 0.111 0 0 

Twist deformation, deg . . . . . . 0.92 I 1.42 I 2.55 I 2.61 



Aerodynamic 
blade 

Blade 
structural 

I Design I I variables PrI conditions 

weight static 
design 

procedure 

tuning 
procedure 

E 5  Final design 

Figure 1. Flowchart of design methodology. 

I 

Figure 2. Interaction of flapwise and centrifugal loads acting on rotor blade model. 

IY 

c 
CI 

Lagging blade 

Figure 3. Interaction of in-plane and centrifugal loads acting on a rotor blade model. 
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variable 
magnitudes 

- - - - - - - - - 

Calculate 
deformations 
and stresses 
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I properties 
for each 
segment 

Evaluate 
constraints 

based on "all" 
load cases 

Modify design 
variables 
based on 

constraint 
evaluation 

Determine 
minimum- 

weight design 

Figure 4. Minimum-weight static design procedure. 
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Figure 5. Horsepower required for steady level flight as function of blade twist. 
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Figure 6. Cross-section design for four-spar blade. 
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Figure 7. Material strength margin of safety as function of spar thickness for titanium-spar design. 
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Figure 8. Twist deformation as function of spar thickness for titanium-spar design. 
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Figure 10. Natural frequencies as function of spar thickness for titanium-spar design. 
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Figure 12. Twist deformation as function of laminate thickness and ply orientation for single composite-spar 
design. 
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Figure 13. Feasible design space for single composite-spar design. 
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Figure 14. Feasible design space for single composite-spar design with frequency constraints. 

19 



Blade 
weight, 

Ib /in. 

.lo5 Spar, FDVT 

.170 Spar, SDVT ---- 
-- .lo5 Spar, Untuned 

I I I I I I J 

Radial station, in. 

Figure 15. Weight distribution of single composite-spar design. 
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Figure 16. Edgewise stiffness distribution of single composite-spar design. 



.170 Thick . l o 5  Thick .lo5 Thick 
SDVT FDVT Untuned 

Integer multiples 
of forcing frequency 

avoidance ranges 

40 . .  

I 7 c 35 I*, . . . ' : I , .  . , . . . , .; , . . 

/ 
/ 

/, I / 
/ /  . . , . /  :. . _ .  . . .  30 / 

Frequency, 

20 Hz 

15 

10 

5 

0 
1 ST 2ND 3RD 

! . . .  . .  . ' .  . " .  . .  

Flapwise Flapwise Flapwise in-plane 

Mode 

. .  . .  . . . . . , . 
'// 

Torsion 

Figure 17. Natural frequencies of single composite-spar design. 
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Figure 18. Material strength margin of safety as function of laminate thickness and ply orientation for multiple 
coniposite-spar design. 
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Figure 19. Twist deformation as function of laminate thickness and ply orientation for multiple composite-spar 
design. 
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Figure 20. Feasible design space for multiple composite-spar design. 
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Figure 21. Weight distribution of multiple composite-spar design. 
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Figure 22 .  Flapwise stiffness distribution of multiple composite-spar design. 
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Figure 23.  In-plane stiffness distribution of multiple composite-spar design. 

24 



Untuned Tuned 

45 O H  r 
Integer multiples 

of forcing frequency 
avoidance ranges 

4 0  

3 5  

I . .  . .  
25 

Frequency, 
Hz 20 

. .  t 
15 

10 

5 

0 

L I 

1 ST 21 

. . .  . . .  

D 1 T 1 ST 
Flapwise Flapwise Flapwise In-plane Torsion 

Mode 

Figure 24. Natural frequencies of multiple composite-spar design. 
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is compared with the UH-GOA Black Hawk rotor blade. The second and third designs use single 
and multiple graphitelepoxy-spar cross sections. These are compared with the titanium-spar design 
to  demonstrate weight savings from use of this design methodology in conjunction with advanced 
composite materials, 
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